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Abstract: Litchi is rich in nutrients, which is quite beneficial for improving the physical quality of people, but litchi 
browns in a few days at room temperature, and the shelf life is very short. To study the influence of hypobaric storage 
on the storage quality of litchi after harvest, a hypobaric storage device combined with fumigation technology was used 
to fumigate litchi, and the change in pressure and temperature distribution in the hypobaric chamber was simulated. 
Secondly, during the hypobaric fumigation, litchi was divided into four groups with uniform quality, and humidified 
at 0%, 2%, 3%, and 5%, respectively. The temperature of the surface and center of the litchi was measured using a 
thermocouple. The research results show that in the simulation verification, the changes in pressure and temperature 
in the vacuum chamber during the experiment are basically consistent with the simulated values, and under different 
humidification specific gravity, when the humidification specific gravity is 3%, the center temperature and surface 
temperature drop the fastest, in which the surface temperature drops to 277.15 K, and the center temperature drops 
to 283.15 K, and the hypobaric fumigation and pre-cooling reaching the same temperature. The time required is also 
minimal.
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1. Introduction
Litchi is an evergreen tree belonging to the Sapindaceae family. It is mainly distributed in the southwest, south, 

and southeast of China and has a long history of cultivation in China [1]. Litchi has a broad market prospect, with high 
cost, high input, and high yield, which can greatly promote economic development. At the same time, litchi is rich in 
high nutritional value, the flesh is translucent and greasy when fresh, and the taste is delicious. However, due to its 
maturity in the high-temperature season, the peel is prone to browning after picking, and the fruit easily loses water, 
so it is not tolerant to storage [2]. If it is not handled properly, it will cause huge decay and commercial value will be 
greatly reduced [3-5]. The reason for this is that China’s cold chain circulation rate is low, and the cold chain transport 
efficiency is also low. Based on this, the country needs to strengthen the policy and financial support for litchi fruit 
farmers and establish a sound policy support system [6], aiming at promoting the healthy development of litchi industry 
and improve the efficiency and reliability of cold chain logistics.
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At present, the preservation technology of litchi at home and abroad mainly includes air conditioning preservation 
[7-10], coating preservation [11-14], chemical preservation [15-18], low-temperature preservation [19, 20], and so on. 
Under the condition of maintaining the physiological state of litchi, air conditioning preservation is usually used to 
reduce the concentration of oxygen and increase the concentration of carbon dioxide to inhibit the respiratory intensity 
of litchi and reduce the substance consumption in litchi, to delay the decay and aging of litchi, extend the storage period, 
and achieve the purpose of maintaining fresh and edible state for a longer time. However, the use of high-purity inert 
gas is relatively high cost [14]. Coating preservation can effectively reduce the respiration intensity of fruit and reduce 
the consumption and utilization of fruit’s energy, but film treatment is difficult to completely cover, and the effect is 
not significant [16]. Chemical preservation uses chemical reagents for fumigation or soaking treatment to extend the 
freshness period, at room temperature can inhibit the growth of microorganisms, to achieve the purpose of long-term 
preservation, and has the advantages of low cost, less dosage, and simple and convenient operation [15]. However, 
the use of pharmaceutical fumigation methods such as fungicides for fumigation or soaking may leave residues on the 
surface or inside of litchi, which may affect human health if the residue exceeds the national standard. Low temperature 
storage effect is good [11], for fruit and vegetable products in the case of no freezing damage, the use of low temperature 
can effectively inhibit the respiration intensity of fresh fruit, and fresh fruit in a near dormant state delays the decay. The 
low-temperature state can be combined with a certain humidity environment, which can effectively reduce the water 
evaporation of fresh fruit and reduce the weight loss, but when the litchi stored at low temperature is transferred to the 
normal temperature shelf, the shelf life is short and the browning is fast.

As a new development of fresh-keeping technology, compared to the previous preservation technology, hypobaric 
fumigation storage can form a low-pressure and low-oxygen storage environment and extend the storage period of fruits 
and vegetables [21]. Hypobaric fumigation storage can also effectively slow down the respiratory intensity of fruits and 
vegetables, reduce the consumption of nutrients, and maintain freshness and nutritional value. Hypobaric fumigation 
storage process, up to 1 hour can inhibit 90% of the respiratory heat and 90% of ethylene production rate [5]. The 
exogenous ethylene was removed from the storage environment under reduced pressure in time. Also, eliminates field 
heat; Inhibits the infiltration of pathogenic bacteria; Kills insects; and maintains a high moisture content of items [22]. 
This is an important reason why hypobaric fumigation storage is obviously superior to other storage methods. Therefore, 
based on the above preservation status of litchi, this paper adopts hypobaric storage equipment to carry out experimental 
research on hypobaric fumigation storage of litchi, and better explore the changes in weight loss and temperature of 
litchi during the process of hypobaric fumigation storage.

2. Hypobaric fumigation storage and mechanism of litchi
Litchi is not sensitive to low temperatures and can withstand low temperatures, the most suitable storage 

temperature is about 274.65 K [23]. So, it can be stored at low temperatures. Hypobaric fumigation storage reduces the 
air pressure of the storage place through the hypobaric storage equipment to form a certain vacuum degree, then the 
environment is pre-cooled by refrigeration equipment to quickly reduce the heat brought by the fruit from the outside, 
so the hypobaric fumigation storage is a process of integration of hypobaric and vacuum pre-cooling. The equipment 
adopts continuous pumping hypobaric technology and can achieve “continuous pumping, continuous humidification, 
continuous ventilation” continuous operations. The basic principle is shown in Figure 1, litchi is placed in a closed 
container at a low temperature, and the internal gas is extracted by a vacuum pump so that a low absolute pressure is 
formed in the container. When the pressure is reached, the green harmless fumigation gas or liquid enters the vacuum 
chamber to regulate the physiological characteristics of litchi cells, reduce the respiratory intensity of litchi, inhibit 
the production of ethylene, improve the environmental adaptability of litchi after harvest, and can kill insects and 
sterilization, to prolong its storage period. In a vacuum negative pressure environment, fumigated gas or liquid is more 
permeable, can penetrate litchi tissue, regulate the physiological characteristics of litchi, and delay the aging of cell 
tissue. Moreover, the permeability of fumigation gas under vacuum negative pressure is much better than that under 
normal pressure.
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Figure 1. Principle of hypobaric fumigation

3. Experimental materials and methods
3.1 Materials and instruments

Ingredients: The fresh litchi were cleaned and divided into 4 groups of equal weight, 500 g each, and were 
fumigated under the humidification specific gravity of 0%, 2%, 3%, and 5%, respectively [24]. The above experiment 
was repeated for 3 times, and the average value was taken to study the changes of temperature and pressure in the 
vacuum chamber. The thermocouple probe was inserted into the center and surface of the litchi to measure the center 
temperature and surface temperature.

Equipment: i2000 electronic scale (Yalipo E-commerce Co., LTD., Suqian, China), accuracy is ± 0.01 g; 
Handheld refractometer; JYL2A double vacuum chamber vacuum storage experimental machine (Shanghai Kind-water 
Preservation Fresh TECH Co., Ltd). 

3.2 Measurement of weight loss rate

The weight loss rate is calculated by measuring the weight with an electronic scale. The weight of the sample is 
measured once before and after hypobaric fumigation storage. The calculation formula is as follows:
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Where: μ is the weight loss rate; m1 is the mass before storage, kg; m2 is the mass after storage, kg.

3.3 Measurement uncertainties

The accuracy is based on experimental equipment and collecting methods. Propagation errors are also carefully 
considered in this work. The factors of propagation errors are invested and perfect recursive paths are found in practice 
[25]. The measurement uncertainties are reported in Table 1. The components in the table belong to the vacuum storage 
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where, Q is heat flow, W; m is error; λ is thermal conductivity, W/(m·K); δ is thickness, m; l is length, m; mQ = ± 0.01 Q, 
mδ = ± 0.012 δ, ΔT = 20 K, mΔT = ± 0.15 K, A = 2, mA = ± 2, l |ml | = ± 0.04 l. Therefore, mλ can be specified as:
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The size of the radius of litchi selected in this work is about 12 mm. Since litchi is hypothesized to be a uniform 
sphere of the same radius, l is equal to δ is equal to the diameter of the litchi. According to the analysis of the 
propagation errors formula, mλ is about ± 0.01326 W/(m·K), which meets the accuracy calculation requirements.

Table 1. Measurement uncertainty

Components Type Error

Thermocouple PT-100 ± 0.27 K

Thickness sensor SL-2000 ± 1.2%

Pressure sensor DJYB-300C ± 0.5%

Measure power Shunt resistor ± 1 Pa

Vernier caliper MNT-150 ± 0.02 mm

4. Experimental results and discussion
4.1 Simulating temperature changes in litchi

ANSYS FLUENT was used to simulate the internal temperature distribution of vacuum pre-cooling during 
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hypobaric, and the pre-cooling time was set at 0, 100, 200 and 300 s [15], respectively. The following is a screenshot 
of the internal temperature cloud image of litchi during hypobaric fumigation. It can be seen from Figure 2 that the 
surface temperature change of litchi is greater than the center temperature change. When the pre-cooling time is 0 s, 
there is no heat exchange between the surface and the center of litchi, and the initial temperature is about 300 K. When 
the hypobaric storage machine is started, the vacuum pump begins to work so that the pressure in the vacuum chamber 
drops sharply, and the heat absorbed by water vapor evaporation takes away the heat of litchi so that the surface 
temperature of litchi begins to drop first. With the increase of the pre-cooling time, the center temperature of litchi also 
begins to slow down. When the pre-cooling time is 300 s, the surface temperature and center temperature of litchi are 
stable at about 283 K and 288 K, which is not much different from the results obtained in the experiment.

Figure 2. Temperature profiles inside litchi after hypobaric storage

4.2 Comparison of vacuum chamber pressure simulation and experimental values

Figure 3 shows the comparison between the experimental value and the simulated value of vacuum chamber 
pressure. It can be seen from the Figure that the experimental value and the simulated value have the same change 
trend. After the vacuum pump is started, the vacuum chamber pressure drops sharply, but there is a slight difference 
between the experimental value and the simulated value in the first 100 s, and the latter is basically the same. The other 
conditions are in an ideal state, so the pumping efficiency is high and the pressure drop is fast; During the experiment, 
the power of the vacuum pump is not constant, it is low at first, and then gradually becomes constant. After the vacuum 
pre-cooling during hypobaric fumigation, the experimental values agree with the simulated values, with an error of only 
2.6%.
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Figure 3. Comparison of experimental and simulated pressure values

Figure 4. Variation of center and surface temperature (a-0%; b-2%; c-3%; d-5%)
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4.3 Effect of different humidification gravity on temperature

Figure 4 (a-d) show the changes of the center temperature and surface temperature under the four humidification 
specific gravity of 0%, 2%, 3%, and 5%, respectively. It can be seen from the figure that the center temperature of 
litchi changes slowly, while the surface temperature changes rapidly. In general, there is the same trend of change, and 
both decrease with the increase of pre-cooling time. The difference between the surface temperature and the center 
temperature is most obvious when the specific humidification is 2% and 3%. The reason for this phenomenon is that 
in the process of pre-cooling, with the reduction of pressure, the water vapor on the surface of the litchi evaporates 
first and takes away the heat first. With the increase of pre-cooling time, the internal water vapor gradually evaporates. 
However, when the humidification proportion is 5%, the humidification proportion is too large, and the surface water of 
litchi is too much, resulting in the evaporation and heat absorption becoming slow, so the difference between the central 
temperature change and the surface temperature change is not so obvious.

Figure 5. Changes of center temperature 

Figure 6. Changes of surface temperature
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4.4 Temperature drop of litchi center and surface temperatures

As can be seen from Figures 5 and 6, there are obvious changes before and after 100 s. Before this, both the central 
temperature and the surface temperature decrease slowly under different humidification specific gravity, and after this, 
the central temperature and the surface temperature decrease rapidly. Among them, the performance is most obvious 
when the humidification proportion is 3%, so it proves that the humidification proportion is not the higher the better, but 
to choose an appropriate proportion to achieve an optimal balance state, so that it is more conducive to cooling. It can be 
seen in the Figure that when the humidification proportion is 3%, the center temperature and surface temperature drop to 
the lowest, the best effect.

Figure 7. Effect of surface final temperature of 277.15 K on pre-cooling time

Figure 8. Effect of central final temperature of 283.15 K on pre-cooling time
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the specific gravity of humidification can shorten the pre-cooling time, so that the surface and center of the litchi cool 
down quickly, inhibit its respiration, and prolong the freshness period of the litchi. The experimental results show that 
when the specific gravity of humidification is 3%, the pre-cooling time of litchi is the shortest for the temperature of the 
surface and center of the litchi, which is 260 s and 290 s respectively.

4.6 Effect of humidification specific gravity on weight loss of litchi

Figure 9 shows the influence of different humidification specific gravity on the weight loss before and after pre-
cooling. Without humidification, the weight loss is 4.26%, and the weight loss is the largest; when the humidification 
specific gravity is 5%, the weight loss is -1.2%, indicating that the mass before and after precooling does not decrease 
but increases. The reason for this may be that the humidification specific gravity is too large, and water vapor migrates 
to the surface of the litchi, which increases the surface moisture. The formation of boundary layer, evaporation heat 
absorption is not sufficient, so the comprehensive surface and center temperature changes, when the humidification is 3%, 
the best effect.

Figure 9. Effect of different humidification specific gravity on weight loss

4.7 Error analysis

This experiment and simulation have some errors, the main reasons are: 1) the actual situation is that litchi is not 
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5. Conclusion
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vegetables was established, and the effect of different humidification weights on the surface and center temperatures of 
litchi was analyzed during the hypobaric fumigation process. The following conclusions were drawn:
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(1) In the hypobaric storage heat and mass transfer simulation, the power of the vacuum pump has been kept 
constant, while the experimental vacuum pump rated power of 1,300 W. During the initial operation period, the vacuum 
pump’s power was low, and it then gradually converged to a constant. At the beginning, the pressure simulation value 
was slightly lower than the experimental value, but finally, the two values basically coincided with an experimental error 
of only 2.6%.

(2) Among the humidification specific gravity of 0%, 2%, 3%, and 5%, when the humidification specific gravity is 
3%, the surface temperature of litchi reaches 277.15 K and the center temperature reaches 283.15 K, representing the 
lowest temperature among all the groups. Thus, the humidification specific gravity of 3% is more effective in cooling 
litchi.

(3) In the litchi hypobaric storage experiments, with a rapid decline in the pressure of the vacuum chamber, litchi 
water vapor evaporation from the outside to the inside. As a result, the surface temperature is always lower than the 
center temperature.

(4) Setting the final surface pre-cooling temperature to 277.15 K and the final center temperature to 283.15 K, in 
the humidification specific gravity of 0%, 2%, 3%, and 5%, when the humidification specific gravity is 3%, the pre-
cooling time for the surface temperature of 277.15 K is 260 s, and for the center temperature of 283.15 K is 290 s, and 
the required time is the shortest.

(5) Litchi was weighed before and after pre-cooling, and theweight loss was minimized at a humidification-specific 
gravity of 3%, with a weight loss of only 0.05%.
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